INTRODUCTION
============

Since the 1980's, there have been two paradigmatic shifts in enzyme use in the feed industry: the mass introduction of fibre-degrading enzymes followed by that of phytases. The use of phytases to release phosphorous (P) has been hugely successful, resulting in widespread commercial application. The effective use of enzymes to hydrolyse non-starch polysaccharides (NSP), however, has been the subject of much debate and it appears that there is no general consensus on which particular enzyme, or enzymes, result in the greatest benefits. This is in part due to the complexity of the potential substrates, which varies by cereal and diet formulation. Because of this, a growing body of literature advocating the use of multi-enzyme preparations has emerged, particularly of those with multicarbohydrase activities (e.g. [@b76-ajas-27-2-290-17]). However, much of the information available on the use of multi-enzymes may be incomplete, with conclusions -- potentially with huge commercial significance -- based on data obtained from experiments not adequately designed to support those conclusions. The aims of this paper are to present the arguments for using both single and multi-enzymes, describe current theories on mechanisms of action and critically analyse the rationale and experimental methods on which these arguments are based.

There are two long-standing mechanisms by which NSP- degrading enzymes (NSPases) are thought to improve performance, both of which involve reducing the anti-nutritive effect of NSP: i) eliminating the nutrient encapsulating effect of the cell wall and ii) ameliorating viscosity problems associated with certain NSPs, particularly arabinoxylans and β-glucans. First, the majority of the available energy in cereal grains comes from starch, however this is stored intracellularly, and is partly inaccessible to non-ruminants in the absence of exogenous enzyme supplementation as they have a limited endogenous ability to degrade plant cell wall material. Therefore, supplementation with enzymes capable of degrading cell wall polysaccharides may allow pancreatic enzymes access to nutrients trapped within the cell. An additional benefit is that cell wall degradation releases oligosaccharides or even mono-saccharides that could either be directly absorbed or degraded by the intestinal microflora to provide volatile fatty acids (VFAs) for the animal to utilize as energy. Second, soluble NSP may increase viscosity of digesta which has been shown to greatly inhibit nutrient uptake and potentially encourage pathogenic bacteria. By adding hydrolytic enzymes, the molecular weight of NSPs is reduced which reduces viscosity and associated problems.

Before any discussion of enzyme classes can take place, it is important to outline the different product categories on the market. To the authors' knowledge, there are no companies supplying purified enzyme proteins for use in animal feed. Therefore, all products will contain other material of some description, such as a carrier or byproducts of their manufacture. They are commonly produced by bacterial or fungal fermentation with bacilli being common for protease and amylase production ([@b69-ajas-27-2-290-17]) and fungal species of Trichoderma or Aspergilli for cellulases and hemicellulases such as xylanase ([@b61-ajas-27-2-290-17]; [@b64-ajas-27-2-290-17]). In probably all cases, the final product will include some enzyme side activity. Generally, NSPase products fall into three categories. The first is single-component products which are likely advertised by their main component, for example, xylanase or β-glucanase. These will probably be produced by a microbial or fungal fermentation system where the production organism may or may not have other enzyme genes deleted. It is also possible to induce fungi to produce only xylanase without a cellulase side activity, for example ([@b64-ajas-27-2-290-17]). Either way, some limited activities may persist and so may some materials of the fermentation process. Such side activities may or may not be promoted by the manufacturer. However, in modern products the target activity is both over-expressed and may have been engineered to have characteristics such as thermostability which the side activities do not possess, rendering the product virtually a single-component product in a heat treated feed. The second category is blended products. Usually, these contain two or three distinct activities which are produced individually as above and blended. Therefore, they may have two or three primary activities which, individually, are subject to the same considerations as single-component products. The third category has been termed enzyme 'cocktails' and are the product of a single fermentation that produces a multitude of activities (in one commercial example, as many as 43, [@b38-ajas-27-2-290-17]) which are unlikely to all be quality controlled or promoted by the manufacturer. Publications may only list two of the activities ([@b83-ajas-27-2-290-17]) which is contrary to the suggestion that the full composition of the same product is important ([@b38-ajas-27-2-290-17]). Those side activities may or may not be beneficial and may be broader than NSPase; they may have amylolytic, proteolytic, lipolytic and phytolytic activity, for example. This creates a problem in that it is not possible to assign efficacy of such a product to any specific component of that product, declared and analysed or not.

In order for a detailed discussion of the above ideas to take place, an understanding of plant cell wall composition, and its variability amongst different feed ingredients, is necessary. It was recognized several decades ago that 'the great differences in chemical composition among the different foods is notable and one would therefore also expect great differences in the physical, biological and nutritional properties of the different DF \[dietary fibre\] sources' ([@b81-ajas-27-2-290-17]). This message remains relevant to date, and its importance shall become apparent throughout the course of this review. The typical composition of the plant cell wall is described, followed by a brief discussion of the differences in their levels between cereals most commonly included in poultry feed.

PLANT CELL WALL COMPOSITION
===========================

The plant cell wall consists largely of NSP that are traditionally classified into three groups: cellulose, hemicelluloses and pectins. However, the term hemicelluloses originally came into use as a result of mistaken identification; they were thought to be precursors of cellulose. Cellulose consists of hydrogen-bonded microfibrils, comprised of β-1--4-glucose chains, and is the most abundant organic macromolecule. Hemicelluloses are the subject of much of this review, and are in fact not easily defined. They include possibly the most significant polysaccharides when considering enzyme use: pentosans (in particular arabinoxylans) and β-glucans, as well as mannans, arabinans, galactans and xyloglucans. Some appear superficially similar to cellulose, though differ in that the constituent chains are branched, containing neutral backbone sugars that often form hydrogen bonds with cellulose. Pectins, or pectic polysaccharides, contain uronic acids (UA), and are defined as such ([@b81-ajas-27-2-290-17]; [@b78-ajas-27-2-290-17]). These are generally found only in small quantities in cereal plants ([@b18-ajas-27-2-290-17]).

Beta-glucans are present in most cereals, though are particularly prevalent in barley and oats. They consist of linear chains of glucose monomers, joined, in varying proportions, by both β-1--3 and β-1--4 linkages. At a molecular level it appears that β-glucans are similar to cellulose; however, the presence of the β-1--3 linkages disrupts the uniform structure seen in cellulose which allows microfibrils to pack closely together ([@b15-ajas-27-2-290-17]). Thus, β-glucans are more soluble than cellulose and due to their considerable length may form viscous solutions, which can lead to significant reductions in digestibility of nutrients. Similarly, soluble pentosans may lead to viscosity problems. The most common cereal pentosan is arabinoxylan, which makes up the majority of cell wall NSP in maize, wheat, rye and barley. It consists of a β-1--4 xylan backbone -- the monomers being xylose -- to which arabinose monomers commonly bind ([@b68-ajas-27-2-290-17]). Other substituents such as hexoses are common, and protein or phenolic side chains have been reported, though are present in much lower concentrations than arabinose residues. The O2 and O3 positions of xylosyl residues are the most likely binding sites for side chains or substituents, with most arabinose residues binding to O3 ([@b68-ajas-27-2-290-17]). Arabinoxylans bound to the cellulose cell wall tend to be insoluble in water; however those not bound can form highly viscous solutions. This is of particular importance in wheat and rye, where the soluble proportion of arabinoxylan is relatively large ([@b18-ajas-27-2-290-17]).

Other components in cereal cell walls are mannans, arabinans and galactans, which are also non-cellulosic polysaccharides. Mannans may be either glucomannans or galactomannans, both of which are hexosans. Glucomannans consist of glucose and mannose monomers with β-1--4 linkages, whereas galactomannans comprise a backbone of 1--4-β-linked mannose units with substitutions of α-1--6 galactose. Arabinans are α-1--5-linked chains of arabinose which may be branched at either the O2 or O3 atoms or at both, and galactans are chains of β-1--4 linked galactose units (there can occasionally be β-1--6 linkages as well). Arabinogalactans are polymers with a galactan backbone and arabinan side chains ([@b18-ajas-27-2-290-17]).

AMELIORATING THE ANTI-NUTRITIVE EFFECT
======================================

In the starchy endosperm of, wheat, for example, cell wall material may account for 7% of tissue ([@b68-ajas-27-2-290-17]). The abundance of the various cell wall components are shown for several cereals in [Table 1](#t1-ajas-27-2-290-17){ref-type="table"}. Wheat and rye have particularly high soluble arabinoxylan levels, and barley has high levels of soluble mixed-linked β-glucans. It is in these cereals that viscosity is likely to be the primary driver in a loss in performance and welfare problems ([@b6-ajas-27-2-290-17]; [@b5-ajas-27-2-290-17]).

The use of exogenous enzymes in poultry feeding was first suggested in the mid nineteen twenties. In 1925, Hervey described dramatically improved Leghorn performance with the use of 'Protozyme'; 5% inclusion of the product decreased 20-week feed conversion from 5.85 to 4.93. In 1926, in Poultry Science, Clickner and Follwell described this product as having multiple activities, with the major activity appearing to be an amylase with a broad pH optimum. [@b39-ajas-27-2-290-17] attributes the performance benefit to increased protein and starch digestibility, assumed to be brought on by direct digestion of those materials by the exogenous enzymes. Experiments in the 1950s and early 1960s by groups in Washington ([@b45-ajas-27-2-290-17]; [@b33-ajas-27-2-290-17]) and Oregon ([@b8-ajas-27-2-290-17]; [@b66-ajas-27-2-290-17]) showed that adding an amylolytic enzyme preparation to barley-based broiler diets could reduce sticky droppings and improve growth, though the enzymes were ineffective in wheat based diets. Both groups suggest that when barley is added to the diet in place of corn, energy availability falls and the enzyme acts to recover this energy loss. They suggest simply that chicks do not possess enzymes for maximum digestibility of barley, although they state little about the specific substrate for the exogenous enzyme product. Later, the benefits of such an amylolytic product were attributed to a contaminating side activity -- endo-β-glucanase -- which shortened soluble glucan chains, resulting in reductions in viscosity and improved nutrient digestibility ([@b14-ajas-27-2-290-17]). [@b17-ajas-27-2-290-17] suggested that this explained the lack of response in wheat, where soluble glucan is negligible. Significant work in the 1970s and 1980s characterised and described the negative effects of glucan in barley and the benefits of adding glucanase preparations to diets for broilers ([@b35-ajas-27-2-290-17]; [@b40-ajas-27-2-290-17]; [@b84-ajas-27-2-290-17]; [@b41-ajas-27-2-290-17]; [@b85-ajas-27-2-290-17]). Concurrently, work showed the negative effects of rye on digestibility of various nutrients and animal performance ([@b57-ajas-27-2-290-17]; [@b50-ajas-27-2-290-17]; [@b6-ajas-27-2-290-17]). This was attributed, similarly, to the viscosity induced by soluble pentosans ([@b51-ajas-27-2-290-17]; [@b6-ajas-27-2-290-17]) and as such attenuated by the specific use of pentosanases for broilers ([@b62-ajas-27-2-290-17]; [@b9-ajas-27-2-290-17]) and pigs ([@b80-ajas-27-2-290-17]). The pentosans in rye and wheat are similar in structure and Australian work showed that the negative effects of adding extracted pentosans from wheat to broiler diets ([@b20-ajas-27-2-290-17]; [@b2-ajas-27-2-290-17]) could be overcome by inclusion of a pentosanase, subsequntly improving apparent metabolisable energy (AME) and nutrient digestibilities ([@b4-ajas-27-2-290-17]). Again, it is the soluble, viscous component that likely causes worsened performance ([@b3-ajas-27-2-290-17]).

Aside from the effect of reducing viscosity, it was also suggested that there is an accompanying benefit of liberating starch and proteins previously trapped within the cell wall ([@b42-ajas-27-2-290-17]). The identification of the true enzyme-substrate interaction leads to the realisation that the high arabinoxylan content in wheat could be targeted with xylanases, which were shown to improve performance in broiler chicks via the same mechanisms as β-glucanase in barley ([@b10-ajas-27-2-290-17]). Supplementation of xylanase to corn based diets has also been shown to improve performance, again in broilers ([@b1-ajas-27-2-290-17]), despite a small portion of soluble arabinoxylan, suggesting that mechanisms other than viscosity reduction are important. Similarly, it has been shown that xylanase can improve performance in low viscosity wheat in turkeys from 3 to 15 weeks ([@b60-ajas-27-2-290-17]). Even though none of the preparations used above were likely pure, the common thread was that the measured activity in all cases was xylanase in wheat and glucanase in barley based diets. [@b22-ajas-27-2-290-17] added xylanase and protease to wheat based diets but did not discuss the value of the protease on the improvements seen, presumably because the main effect is attributable to xylanase.

Commercial enzymes described as xylanases are often blends or cocktails with xylanase as a main activity ([@b19-ajas-27-2-290-17]; [@b1-ajas-27-2-290-17]). In many trials these enzymes are shown to be effective in improving performance (for example, in broilers, [@b74-ajas-27-2-290-17]). However, as far as the authors are aware, very few trials of such enzymes have been conducted and published with a control in place that is supplemented only with single component xylanase. One such paper, ([@b37-ajas-27-2-290-17]), did suggest that purification of a crude pentosanase resulted in a loss of efficacy when fed to broilers but the purified product was less than 30% stable at pH 3 and 2 whereas the crude product was greater than 70% stable. The poor performance of the purified product is therefore just as much likely due to loss in xylanase activity as it is to the benefit of ancillary enzymes. Therefore, there is no evidence determining whether the extra activities are beneficial, superfluous or even deleterious. Indeed, there are several trials showing that products that appear to be single component xylanases are capable of improving performance in both wheat ([@b52-ajas-27-2-290-17]) and maize based diets for broilers ([@b27-ajas-27-2-290-17]; [@b16-ajas-27-2-290-17]; [@b53-ajas-27-2-290-17]). In two of those experiments, a Trichoderma-reesei-produced xylanase was used (Econase XT, AB Vista Feed Ingredients, Marlborough, UK) and feed was pelleted ([@b27-ajas-27-2-290-17]; [@b52-ajas-27-2-290-17]). A typical analysis of this product is shown in [Table 2](#t2-ajas-27-2-290-17){ref-type="table"}. Side activities are low and not thermostable. Fungal production systems such as this are likely to have low carbohydrase, and even lower protease and other, side activities. Since the target activity (xylanase in this case) is so dominant in fungal as compared with bacterial-expressed products like these, and the remaining side activites are not thermotolerant, they are as close to monocomponent products as we are likely to get ([@b64-ajas-27-2-290-17]).

Another significant point is raised here: the nomenclature used in the literature is inconsistent and potentially misleading. On top of the above examples, in one trial, the terms xylanase, pentosanase and glycanase are used interchangeably to describe an enzyme with both xylanase and protease activity ([@b22-ajas-27-2-290-17]). Often, supposedly single component enzymes may actually have more than one activity, especially if not heat treated, and products advertised as blends of multi-carbohydrases may have many more activities than those declared ([@b26-ajas-27-2-290-17]). Finally, in some cases, an enzyme that includes substantial protease activity is described as a multi-carbohydrase ([@b46-ajas-27-2-290-17]). Greater care and clarification is needed to reduce the ambiguity currently associated with enzyme description. All activities should be listed in scientific publications, as should their recovery in pelleted feed. Journal editors should be aware of this as a potential issue.

Some commercial enzymes are purported to contain exo-acting components that release monosaccharides from NSPs, subsequently used for energy ([@b38-ajas-27-2-290-17]). [@b17-ajas-27-2-290-17] and [@b70-ajas-27-2-290-17] highlight some theoretical problems with total saccharification of cell wall polysaccharides. Relatively few bonds must be cleaved by endo-acting enzymes to rapidly degrade NSP into oligosaccharides. The release of a substantial proportion of monosaccharides by exo-acting enzymes, however, requires hydrolysis of a much larger number of glycosidic linkages, which requires greater energy investment. Furthermore, it is often assumed that all breakdown products of such extensive hydrolysis are useful to the animal but in fact they may even be harmful. [@b70-ajas-27-2-290-17], showed that even relatively low levels of dietary xylose and arabinose (2.5%) had a negative effect on bird performance. As percentage inclusion was increased, the AME value of the pentoses decreased, probably as a result of decreased absorption capacity and the energy cost of increased excretion. It is clear from this that complete degradation of pentosans, and probably some other NSPs, by exo-acting enzymes, far from making useful sugars available, may be detrimental to performance. Given the widespread use of wheat based diets, this is very significant. Perhaps more important though is the point that can be inferred; it cannot be assumed that hydrolysis of all cell wall components is beneficial. This must be recognized, as the extent of NSP degradation is often considered to be a marker for enzyme efficacy, particularly in *in vitro* trials ([@b55-ajas-27-2-290-17]). Furthermore, oligosaccharides produced from partial hydrolysis of NSP are in fact implicated in optimum intestinal tract health, and this is discussed below. Therefore, the products of hydrolysis should be carefully considered when choosing an NSP degrading enzyme product, not just the extent of hydrolysis. As such, it may even be that the extent of hydrolysis should be tempered for optimum efficacy. Furthermore, there is some evidence in the literature that the response to increasing dose of NSP enzymes is non-linear; that is the response does not continue to increase and may actually decrease with increasing dose. Confirming this, [@b90-ajas-27-2-290-17] statistically analysed seven experiments and found a linear relationship between log dose and performance in broiler chicks. Such an effect was also reported more recently in layers ([@b63-ajas-27-2-290-17]) and broilers ([@b32-ajas-27-2-290-17]; [@b54-ajas-27-2-290-17]). It could be that with increasing dose, the benefits of additional cell wall degradation becomes compromised by the subsequent production of mono-saccharides. In support of such a hypothesis, [@b29-ajas-27-2-290-17] showed that the *in vitro* molecular size reducing ability of some NSPases is dependent on dose and time.

Mannanoligosaccharides (MOS) have been suggested to have positive immune-modulating effects in broilers aged 14 to 22 d, ([@b89-ajas-27-2-290-17]), as have other oligosaccharides in humans, pigs, rats and mice ([@b71-ajas-27-2-290-17]). Similarly, mannanase has been shown to modulate immunity ([@b48-ajas-27-2-290-17]) and positively affect performance ([@b91-ajas-27-2-290-17]) in broilers perhaps through production of MOS *in situ*. However care must be taken when reviewing the literature since in many cases the positive effects of MOS are demonstrated with material that is derived from yeast ([@b87-ajas-27-2-290-17]; [@b89-ajas-27-2-290-17]) which are not the same as those derived from cereals. Regardless, application of very high dosages of mannanase may mute the benefit if it results in MOS of too small a molecular weight to be effective [@b91-ajas-27-2-290-17].

ENZYMES AND INTESTINAL MICROBIOTA
=================================

As already described, NSPs in cereals may 'cage' nutrients within cells and may also exert an anti-nutritional effect, through an increase in viscosity. Together, these may decrease digestibility of nutrients but may also cause the proliferation of adverse microflora, possibly due to a slowing of digesta transit but also by increasing the level of undigested nutrients available for such microflora. This topic has been thoroughly reviewed by [@b12-ajas-27-2-290-17] and only a brief review shall be given here. Highly viscous barley and rye based diets can be improved using an antibiotic ([@b56-ajas-27-2-290-17]; [@b49-ajas-27-2-290-17]) which suggests that the detrimental effect of these cereals is partly attributable to proliferation of pathogenic bacteria. It follows that the use of an NSPase to target viscosity may reduce the prevalence of such bacterial species which are in process of being identified ([@b34-ajas-27-2-290-17]; [@b7-ajas-27-2-290-17]). [@b21-ajas-27-2-290-17] showed that as viscosity was reduced in the small intestine with the use of an enzyme, VFA production also decreased, suggesting decreased fermentation in the ileum whereas caecal fermentation was markedly increased. The reduction of fermentation in the ileum was presumed to be that of starch and protein, which is clearly not beneficial as it represents lost nutrients for the host and may even produce an unfavourable microflora. The increment in cecal fermentation was likely a result of influx of xylo-oligosaccharides which produces VFAs and energy from otherwise indigestible substrates and often leads to a healthier microflora. Recently, [@b28-ajas-27-2-290-17] demonstrated that with the use of xylanase, broiler cecal temperature increases, suggesting an increase in fibre fermentation. Critically, cecal temperature followed bird performance; when temperature was increased, overall performance was improved. In summary, this suggests nutrient digestion should be enhanced at the ileum and beneficial fermentation of fibre should be encouraged in the caeca.

[@b58-ajas-27-2-290-17] have shown that xylanases can improve gastric digestion of nutrients, particularly starch. Interestingly, scanning electron micrographs taken of ground corn incubated at pH 6 with and without xylanase (Masey O'Neill unpub, [Figure 1](#f1-ajas-27-2-290-17){ref-type="fig"}) clearly show that the enzyme appears to have de-anchored starch from the cell wall material. Given the neutral/marginally acidic pH optima of most commercial NSP'ases, the 'de-caging effect' likely will not take place in the gastric phase where pH conditions probably limit the ability of the enzyme to function, but could take place in the crop and small intestine where favourable conditions exist. This is perhaps further reason not to rely entirely on specific *in vitro* measurements of digestibility to predict animal performance.

It is possible that the mechanism of action of xylanase is, at least partially, indirect. It has long been understood that supplemented enzymes will release oligosaccharides from fibre for fermentation and that these oligosaccharides themselves may be beneficial. For example, [@b25-ajas-27-2-290-17] showed that feeding wheat bran xylo-oligosaccharides, derived *in vitro* using a xylanase, to broilers resulted in the same performance effect as feeding a xylanase directly. Furthermore, in various species the fermentation of such fibre may exert systemic, hormonal effects on the gastric phase. For example, [@b36-ajas-27-2-290-17] suggested that increased colonic fermentation in rats induced the release of Peptide YY (PYY), which leads to increased gastric retention time. This is thought to lead to increased gastric digestion of all nutrients, including protein. The release of PYY in response to xylanase has been shown in initial experiments with broilers ([@b75-ajas-27-2-290-17]).

Interestingly, the provision of oligosaccharides to the caeca and large intestine may be a process that should be carefully timed and considered. [@b13-ajas-27-2-290-17] showed that some oligosaccharides actually reduced the AME of a corn soy diet fed to 3 to 4 d-old broiler chicks whereas others did not. These effects were apparent for amino acid digestibility as well. In most cases, at 3--4 d of age, the high oligosaccharide doses resulted in poorer digestibilities than the basal diet. As the birds aged, all oligosaccharide supplemented diets resulted in better performance than the basal but those that had reduced performance at 3--4 d of age took much longer before the net effects were beneficial. This is interesting as it suggests that provision of too many or the wrong type of oligosaccharides early in the life of an animal may have dramatic and detrimental effects on microflora but that eventually, as the population stabilises, provision of oligosaccharides is ultimately become beneficial.

If this mechanism is effective, the effect will not be limited to viscous cereal based diets, but will be applicable wherever there is substrate able to be enzymatically converted to oligosaccharides. For example, maize contains appreciable amounts of arabinoxylan which could be converted *in vivo* to arabinoxylo-oligosaccharide (AXOS) using a xylanase. If that is the case, then a suite of accessory activities are not necessary. However, this is not to say that if there is substrate available, it should all be targeted for digestion using NSPases as some oligosaccharides may be detrimental to performance.

THEORETICAL AND REALISED PROBLEMS WITH MULTI-ENZYME TRIALS
==========================================================

In light of previous discussions, it is possible that a multitude of enzyme activities is unnecessary, and even has the potential to be detrimental. It is nevertheless argued by some that there is, without doubt, experimental data showing multi-enzymes to be effective. Indeed, in the past two decades a growing body of literature illustrating the efficiacy of multi-component products has become available. It is, therefore, necessary to critically analyse these experiments. By discussing an example that is representative of the general methodology used to test the efficacy of multi-enzymes, the recurring problems seen in such trials will be highlighted.

[@b76-ajas-27-2-290-17] presented results from several experiments identifying 'a new generation of enzymes for animal feeds'. The relatively successful application of single enzyme preparations is recognized, in particular the use of xylanase, phytase, or glucanase. However, it was suggested that multi-enzyme systems may provide further benefit in disrupting the cell wall and solubilising NSPs due to its complexity in component NSP. The author presented data in support of this idea, and it was concluded that a blend of enzymes could increase nutritional value of feedstuffs compared to single enzyme supplementation. The problem lies in the experimental design used to compare multi-enzymes to single enzymes. In a broiler chicken trial, one group of birds were supplemented with a combination of enzymes called Enzyme A (xylanase and β-glucanase), a second group with a multi-enzyme called Enzyme B and a control group with no enzyme. Enzyme B contained xylanase and β-glucanase as well as a variety of other enzyme activities, none of which were specified. No analyses of activities in either preparation were given, so it is unknown whether enzyme A or B contained the broadest range of activities. The enzymes were supplemented in diets low in energy, protein and available P.

There are several points to be made here. Firstly and possibly most importantly, there was no information on the actual type or levels of the enzymes present in either product. Also, there was no comparison of a multi-component product enzyme with a mono-component as both products contained several activities. Although enzyme B was better than A in terms of bird performance, it was not clear whether the xylanase and glucanase components of B were the same as those in A. Different NSP'ases produce different oligosaccharides, with potentially different physiological effects. Furthermore, there was no evidence the components of A were optimally dosed which is a prerequisite before any conclusion of the benefits of multiple enzyme activities can be drawn. It follows that, whatever the additional activities are, it has not been shown that a single enzyme with the same activity as that in a multicomponent product would not be equally effective, or indeed better. [@b65-ajas-27-2-290-17] describe a series of experiments where two enzyme treatments were compared, XA (xylanase and amylase) and PXA (xylanase, amylase, protease). In many of the amino acid digestibilities the PXA treatment increased digestibility beyond the control or XA treatments. This compares whether or not enzyme preparation one is better than preparation two and suggests that PXA improves AA digestibility. However, it does not allow any conclusion on the addition of protease as the xylanases used in each treatment were different and dose was decreased with the addition of protease. This is disappointing for those interested in understanding the action of proteases. In order to show that a multi-enzyme is the best option, all of its constituent activities would need to be identified and compared to single enzymes with those activities, alone and in all possible combinations. If it outperformed all of the other combinations then it could be considered the most effective enzyme product. Identification of all the additional activities is often impractical. However, suppose that enzyme B has just one additional enzyme activity; for a full comparison, 6 further enzyme treatments would be needed, as well as a control treatment with no enzyme ([Table 3](#t3-ajas-27-2-290-17){ref-type="table"}). As the number of activities increases, the number of treatments needed for comparison rapidly increases, as given by:
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Where, n is the number of activities in the multi-enzyme and p is the number of different enzyme treatments that are needed for a full comparison with the multi-enzyme. When n = 7, for example, p = 5,040. This is not an unrealistic number of activities for a multi-enzyme to have; [@b59-ajas-27-2-290-17] for example, used enzyme preparations with up to ten activities -- but only tested four treatments in the trial. On top of p, control treatments are needed as well as the treatment containing the multi-enzyme itself. Clearly, fully assessing the efficacy of multi-enzymes quickly becomes impractical.

Despite this theoretical difficulty in conducting a complete comparison, it may be argued that it is unimportant to identify exactly which activities are causal, provided that performance is improved. Indeed, a comparison of diets with a multi-enzyme product to other diets with single enzymes typically fed to broilers, as well as common combinations, may well suffice to show that the multi-enzyme was more effective. The enzyme with the most widespread use is phytase, with xylanases also being fed frequently. The problem here is that, in many trials, the comparison has simply not been made. In particular, phytase is frequently neglected in NSP'ase trials, which is surprising given its almost ubiquitous commercial supplementation. In light of this, we might expect the gains associated with the multi-enzyme, or indeed single enzyme, to be lower if a phytase is included, as performance is improved by the phytase and thus there is subsequently less capacity for further enzyme supplementation to be useful. [@b27-ajas-27-2-290-17] show that as the undigested fraction of amino acids decreases, so does the efficacy of enzyme supplementation. This explains why the use of two enzymes in combination will likely provoke a lesser response than might be predicted from the responses when the enzymes are used alone, because the undigested fraction is reduced by the first enzyme. As most commercial feeds include phytase, this should be an important consideration when evaluating the use of multi-enzymes, and could be experimentally tested with relative ease; an additional treatment with both phytase and the multi-enzyme could be compared to the multi-enzyme alone. Unfortunately, many studies fail to add this comparison although this approach does appear to becoming more common ([@b86-ajas-27-2-290-17]; [@b82-ajas-27-2-290-17]; [@b88-ajas-27-2-290-17]).

Interestingly, in the limited number of studies in which a more complete comparison has been made, it is not usually the enzyme with the greatest number of activities that results in the best performance. [@b47-ajas-27-2-290-17] studied the effects of a xylanase and protease supplemented both individually and in combination to broilers fed wheat-soybean meal-based diets. They found that, although individually both xylanase and protease improved performance, no further improvement was seen when the enzymes were supplemented together in any growth parameters (BW, FI, or FCR). [@b82-ajas-27-2-290-17] measured the effects of dietary enzymes on performance of broilers exposed to a live coccidia oocyst vaccine and fed a diet based on maize and soybean meal. It was found that supplementing phytase, protease or xylanase to the negative control diet lead to the same improvement in FCR as when phytase and protease, phytase and xylanase, or phytase, protease and xylanase were supplemented together. The only combination of enzymes that resulted in a further improvement in performance was phytase and xylanase. [@b27-ajas-27-2-290-17] published results on the interactions between xylanase and glucanase in maize-soy-based diets in broilers, including supplementation at different levels. It was found that xylanase and glucanase alone each improved feed/gain, though combining xylanase and glucanase resulted in no further improvement. Other growth parameters were unaffected by enzyme addition. Finally, [@b79-ajas-27-2-290-17] studied the effects of xylanase, phytase, and protease singularly and in all combinations on the ileal protein and starch digestibility of broilers fed sorghum based diets. Supplementation of phytase was the only single enzyme to improve protein digestibility compared to the control. No combination of enzymes gave any further improvement beyond phytase.

ASSAYING ENZYME PRODUCTS
========================

It is reasonable for a feed producer to want to assay for an ingredient once added to a feed, to check that the product is present and active. As an industry, we are becoming so confident in the stability of enzymes that often, their in-feed activity is not reported and this is a key shortcoming in a large proportion of literature on the topic. Commercially, this is important and particularly where stability is an issue, in-feed recovery may predict performance ([@b74-ajas-27-2-290-17]). Often, enzymes products will have an overage, to comply with shelf life claims and to allow for between lab assay variation. [@b31-ajas-27-2-290-17] reported recoveries of a xylanase in-feed to be, on average, 222% of the expected dose in un-pelleted barley based starter diet and 150% in an un-pelleted wheat starter diet. This highlights two issues. Presumably some of this overage comes from endogenous enzyme activity within the grain. Therefore, laboratories should use a method which only detects the exogenous product and not that of cereal or gut microflora origin, maybe an enzyme linked immunosorbant assay (ELISA) to avoid any over-estimation. However, often where more enzyme is recovered than was added, that difference, or 'background' may not be as effective in improving performance ([@b3-ajas-27-2-290-17]). It is also likely that those background enzymes are not thermostable and this is probably cereal dependant ([@b31-ajas-27-2-290-17]). Secondarily, there is potential for overage to suggest one enzyme is needed at a lesser dose than another when in fact they are equivalent, or to conceal poor thermostability. However, in the aforementioned trial, thermostability was good, with on average around 93% recovery between mash and pellet feed although the pellet temperature was only 65 degrees C ([@b31-ajas-27-2-290-17]).

The question also arises as to whether enzyme products are stable in the digestive tract and whether they survive acidic conditions and endogenous animal proteases. Several authors have reported the ability to recover exogenous xylanases from the digesta of broilers ([@b30-ajas-27-2-290-17]; [@b73-ajas-27-2-290-17]) and pigs ([@b44-ajas-27-2-290-17]). [@b44-ajas-27-2-290-17] also suggest that to best understand the activity of enzyme within the tract, the method used should employ conditions similar to those in the tract. Of course, the pH, temperature and substrate ([@b67-ajas-27-2-290-17]) will affect the units recovered but exogenous enzymes should have as high an activity as possible at the relevant pH and temperature conditions of the intestinal tract ([@b72-ajas-27-2-290-17]). However, [@b73-ajas-27-2-290-17] suggest that the best evidence of presence of an enzyme, which is not fraught with assay difficulties, is its efficacy -- for example, *in vivo* viscosity reduction. However, this is not always a reliable predictor of improved growth performance. [@b23-ajas-27-2-290-17] reported growth and feed conversion benefits of three different xylanase products in wheat based diets despite one of the products increasing jejunal and ileal viscosity relative to the control. Others have suggested that even when the enzyme is not recoverable, its effects on performance may still be measured ([@b43-ajas-27-2-290-17]; [@b67-ajas-27-2-290-17]; [@b11-ajas-27-2-290-17]) which is possibly the best test of a product and comparison between products. Thus, number of units in the raw product alone are insufficient to determine performance of that product.

CONCLUSION
==========

Until a definitive study is published to show that all components of a multi-carbohydrase enzyme are necessary for optimum benefit, there is no evidence to support their use over a single-component enzyme. However, in stating 'single-component' it must be recognised that many such products have ancillary side activities and thus interpretation of results should be treated with caution. For the benefit of all interested parties, there should be standardisation in the way in which enzyme products are described in scientific literature.

![Ground maize incubated with a solution including (a) or excluding (b) xylanase (Econase XT, AB Vista Feed Ingredients, Marlborough, Wiltshire, UK).](ajas-27-2-290-17f1){#f1-ajas-27-2-290-17}

###### 

Types and estimated levels of the major fibre constituents present in some cereal grains, % dry matter (adapted from [@b18-ajas-27-2-290-17])

  Cereal               AX[1](#tfn1-ajas-27-2-290-17){ref-type="table-fn"}   β-Glucan   Cellulose   Mannan   Galactan   UA[2](#tfn2-ajas-27-2-290-17){ref-type="table-fn"}   Total
  -------- ----------- ---------------------------------------------------- ---------- ----------- -------- ---------- ---------------------------------------------------- -------
  Wheat    Soluble     1.8                                                  0.4        \-          \-       0.2        \-                                                   2.4
           Insoluble   6.3                                                  0.4        2.0         \-       0.1        0.2                                                  9.0
  Barley   Soluble     0.8                                                  3.6        \-          \-       0.1        \-                                                   4.5
           Insoluble   7.1                                                  0.7        3.9         0.2      0.1        0.2                                                  12.2
  Rye      Soluble     3.4                                                  0.9        \-          0.1      0.1        0.1                                                  4.6
           Insoluble   5.5                                                  1.1        1.5         0.2      0.2        0.1                                                  8.6
  Corn     Soluble     0.1                                                  \-         \-          \-       \-         \-                                                   0.1
           Insoluble   5.1                                                  \-         2.0         0.2      0.6        \-                                                   8.0

Arabinoxylan (arabinose+xylose).

Uronic acid.

###### 

Typical analysis of Econase XT, pre and post pellet at 95°C (J. Piironen, Personal communication)

  Sample                          Xylanase activity (BXU[1](#tfn3-ajas-27-2-290-17){ref-type="table-fn"}/kg)   Beta-Glucanase activity (BU[2](#tfn4-ajas-27-2-290-17){ref-type="table-fn"}/kg)   Cellulase activity (ECU[3](#tfn5-ajas-27-2-290-17){ref-type="table-fn"}/kg)
  ------------------------------- ---------------------------------------------------------------------------- --------------------------------------------------------------------------------- -----------------------------------------------------------------------------
  Meal post - mixing              6,436,000                                                                    489,300                                                                           67,270
  Pellet post pelleting at 95°C   6,313,000                                                                    16,930                                                                            3,429
  Recovery (%)                    98.1                                                                         3.5                                                                               5.1

Birch xylanase unit, defined as the amount of enzyme producing one nmole of reducing sugars as xylose from birch xylan in one second under the assay conditions (at 50°C, pH 5.3).

Endo-1,4-β-glucanase unit, defined as the amount of enzyme producing one nmole of reducing sugars as glucose from barley β-glucan in one second under the assay conditions (at 50°C, pH 4.8).

Endo-cellulase unit, defined as the amount of enzyme producing one nmole of reducing sugars as glucose from hydroxyethyl cellulose in one second under the assay conditions (at 50°C, pH 4.8).

###### 

Hypothetical experimental treatment design, as discussed

  Treatment   Enzyme activity
  ----------- -----------------------------------------------------------------------
  1           Enzyme B - known to contain xylanase, glucanase and protease activity
  2           Xylanase
  3           Glucanase
  4           Protease
  5           Xylanase and glucanase
  6           Xylanase and protease
  7           Glucanase and protease
  Control     No enzyme
